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[57] ABSTRACT 

A method and apparatus are provided for maintaining file 
readback performance compensating for readback errors 
caused by head/disk interaction used with a data detection 
channel in a direct access storage device. Areadback signal 
is sensed from at least one disk surface and a data channel 
error rate is detected responsive to the readback signal. The 
detected data channel error rate is compared with a first 
predetermined threshold value and a gain of a phase lock 
loop (PLL) in the peak data detection channel is optimized 
, responsive to an identified data channel error rate with a first 
predetermined threshold value. The PLL gain is adjusted 
until a lowest error rate is detected. A failure warning for the 
direct access storage device is provided to a user when the 
detected PLL gain is greater than a predefined loop gain 
value. 

11 Claims, 4 Drawing Sheets 



»CASUBE 0ATA 


K RATE > N? 


RATE 600 





RE POST NEM 
LOOP CAIN AMD 
SAVE 11 618 








09/17/2003, EAST Version: 1.04.0000 




09/17/2003, EAST Version: 1.04.0000 



U.S. Patent 



Apr. 29, 1997 



Sheet 2 of 4 



5,625,506 



DC 




tli 




N 




□ 


00 


< 


in 






o 




UJ 






SI 





09/17/2003, EAST Version: 1.04.0000 



U.S. Patent 



Apr. 29, 1997 Sheet 3 of 4 



5,625 



FIG. 4 



o 

OJi 



CD 



cc 

UJ 

in 



< 

CD 
CO 
0C 



in 
o 

o 
o 



in 
o 



o bt 
0 



SOFT ERROR 
RATE 



JITTER 
SIGNAL 




100 200 
DEGREES AROUND THE DISK 



300 



FIG. 5 



in 
i— 

»— t _ 
3 o 

• 

cc 
oc o 

UJ 

in 
_J 

CO 
I — I 
CD 

QT OJ 
UJ ■ 
H- O 



x S0FT ERROR /JITTER 
/ RATE / SIGNAL 



100 200 
DEGREES AROUND THE DISK 



300 



09/17/2003, EAST Version: 1.04.0000 



U.S. Patent Apr. 29, 1997 sheet 4 of 4 5,625,506 



MEASURE DATA 
CHANNEL ERROR 
RATE 600 




EXIT 



D 



SET MINIMUM 
PLL GAIN 
604 



INCREASE PLL 

GAIN S 
MEASURE ERROR 
RATE 
606 




REPORT NEW 
LOOP GAIN AND 
SAVE IT 618 






YES 


> 


t 


INCREASE PLL 


GAIN UNTIL 


LOWEST 


ERROR 


RATE 


614 




t 





c 



EXIT 



INOICATE TO 
USER THAT 
FAILURE MAY 
BE IMMINENT 
620 



FIG. 6 



09/17/2003, EAST Version: 1.04.0000 



5,625,506 

1 2 

METHOD AND APPARATUS FOR file rcadback performance compensating for readback errors 

REDUCING READBACK ERRORS BY caused by head/disk interaction used with a data detection 

CONTROLLING THE PHASE LOCKED channel in a direct access storage device. A readback signal 

LOOP is sensed from at least one disk surface and a data channel 

5 error rate is detected responsive to the readback signal. The 

This application is a continuation of application Ser. No. detected data channel error rate is compared with a first 

08/261.437 filed Jun. 17, 1994, now abandoned. pi^etermined threshold value and a gain of a phase lock 

loop (PLL) in the peak data detection channel is optimized 

BACKGROUND OF THE INVENTION responsive to an identified data channel error rate with a first 

. io predetermined threshold value. The PLL gain is adjusted 

1. Held ot the invention ^ & lowest ^ ^ . g detected Afailure warning for the 
The present invention relates generally to a method and access storage device is provided to a user when the 

apparatus for detecting transducer head and disk contacts in detected PLL gain is greater than a predefined loop gain 

a direct access storage device (DASD) and more particularly value, 
to a method and apparatus for maintaining file readback 15 

performance compensating for readback errors caused by BRIEF DESCRIPTION OF THE DRAWINGS 

head/disk interaction used with a data detection channel in ^ . . . , . 

a DASD having ^stabilities. ™ c present mvenhon toge&er with the above and other 

„ _ . . . . A objects and advantages may best be understood from the 

2. Description of the Prior Art following detailed description of the embodiment of the 
Computers often include auxiliary memory storage units 20 j nvcnt j on illustrated in the drawings, wherein: 

having media on which data can be written and from which piG. 1 is a schematic and block diagram of a data storage 

data can be read for later use. Disk dnve units mcorptiratuig me tmbod ^ the t 

stacked, commonly rotated rigid magneUc disks are used for ' . . . . . * 

storage of data in magnetic form on the disk surfaces. Data *jf * * e «"?JJS .mechanism for 

is recorded in concennic, radially spaced data information 25 a ^ surface of the apparatus of FIG. 1; 

tracks arrayed on the surfaces of the disks. Transducer heads FIG. 3 is block diagram representation illustrating appa- 

driven in a path toward and away from the drive axis write ratus for carrying out the method of the present invention in 

data to the disks and read data from the disks. the data storage disk file of FIG. 1; 

Because the strength of the field arising from magnetic FIG. 4 is a chart illustrating a circumferential map of the 

domains is exponentially dependent on the distance from the 30 jitter signal from the PLL and soft errors for a low-flying 

magnetic dipoles and their spatial frequency, magnetic head and a supersmooth disk at nominal operating veloci- 

recording systems have been moving toward ever smaller ties; 

separations between the disks and the read/write transducer FIG. 5 is a similar chart as shown in FIG. 4 illustrating the 

heads to achieve high linear densities. effects of reduced operating velocities; and 

Effective procedures for predictive failure analysis (PFA) 35 FIG. 6 is a flow chart illustrating sequential steps of the 

are particularly needed for low-flying, small form-factor method of the invention for maintaining file readback per- 

drives that see a range of operating conditions in the portable formance compensating for readback errors caused by head/ 

computing environment. In portable computing disk interaction. 

applications, the heads carried by low-flying sliders can _ _ _ 

come into contact with the disks in low-pressure situations. 40 DETAILED DESCRIPTION OF THE 

such as high altitudes or reduced cabin pressure in airliners. PREFERRED EMBODIMENT 

Reduced window margins and consequent bit shift errors In FIG. 1 there is shown a partly schematic block diagram 

indicate that the file will suffer, at best, a readback perfor- 0 f parts 0 f a data storage disk file 10 including a data storage 

mance degradation and, at worst, a tribology problem at 45 medium generally designated as 12 and a control unit or 

reduced pressures. In either case, the user should be warned microprocessor generally designated as 14. In the preferred 

of an impending problem. embodiment of this invention, the data storage medium 12 

As used in the following description and claims, the term is embodied in a rigid magnetic disk drive unit 12. although 

gain of a phase lock loop (PLL) means gain or bandwidth of other mechanically moving memory configurations may be 

the PLL. 50 used. Disk file 10 is illustrated in simplified form sufficient 

for an understanding of the present invention because the 

SUMMARY OF THE INVENTION utiliry of ^ present invention is not limited to the details of 

A principal object of the present invention is to warn the a particular drive unit construction, 

user (or the manufacturer prior to shipment) that a disk file Referring now to FIGS. 1 and 2 of the drawings, disk 

is being operated under conditions that may result in tribe- 55 drive unit 12 includes a stack 16 of disks 18 having at least 

logical damage and unrecoverable data loss. Another impor- one magnetic surface 20. The disks 18 are mounted in 

tant object of the present invention is to provide an improved parallel for simultaneous rotation on and by an integrated 

method and apparatus for maintaining file readback perfor- spindle and motor assembly 26. Data information on each 

mance compensating for readback errors caused by head/ disk 18 are read and/or written to by a corresponding 

disk interaction used with a peak data detection channel in & transducer head 28 movable across the disk surface 20. 

a direct access storage device. Other objects are to provide Transducer heads 28 are mounted on flexure springs 30 

such method and apparatus for maintaining file readback carried by arms 32 ganged together for simultaneous pivotal 

performance in a disk drive substantially without negative movement about a support spindle 34. One of the arms 32 

effects and that overcome many of the disadvantages of prior includes an extension 36 driven in a pivotal motion by a 

art arrangements. 65 head drive motor 38. Although several drive arrangements 

In brief, the objects and advantages of the present inven- are commonly used, the motor 38 can include a voice coil 

tion are achieved by a method and apparatus for maintaining motor (VCM) 40 cooperating with a magnet and core 
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assembly (not seen) operatively controlled for moving the 
transducer heads 28 in synchronism in a radial direction in 
order to position the heads in registration with data infor- 
mation tracks. Data storage disk file 10 is a modular unit 
including a housing 42. The various components of the disk 
file 10 are controlled in operation by signals generated by 
control unit 14 such as motor control signals on line 26Aand 
position control signals on line 38A. 

Referring to FIG. 3, there is shown a circuit diagram 
illustrating a peak detection read/write channel for carrying 
out the file performance compensation method of the inven- 
tion generally designated by the reference numeral 50. ITie 
method of the invention is used in the peak data detection 
channel 50 at the file level, in situ, for detecting head/disk 
contacts. Warning is provided to the user that contact is 
occurring so that appropriate action can be taken before 
damage occurs. In FIG. 3, an analog read signal is obtained 
from a head/disk block 52. The readback signal obtained 
from the head/disk block 52 is applied to a preamplifier 
block 54 and amplified The amplified read signal is filtered 
by a highpass filter 56 to sharpen the peaks of the readback 
signal and remove any low-frequency content. The filtered 
readback signal is applied to an equalizer 58 that is preset to 
boost the high-frequency content. The filtered and equalized 
readback signal is applied to an automatic gain control 
(AGC) 60. Then the readback signal output of AGC 60 is 
applied to a differentiator 62 providing the derivative of the 
readback signal with respect to time at its output. Trie 
differentiated readback signal is applied to a zero-crossing 
and peak detector 64 that detects the positive and negative 
peaks in the readback signal. The output of the zero-crossing 
and peak detector 64 is supplied to a data separator 66. The 
data separator, including a phase lock loop (PLL) 68 and a 
voltage controlled oscillator (VCO) 70, provides a synchro- 
nous data pattern and a read clock signal to a decoder 72. 
Decoder 72 provides the decoded data to a soft error test 
block 74 used for measuring the data channel error rate. 

The method of the invention compensates for jitter by 
changing the gain of the PLL 68. This is particularly 
advantageous for data recovery in an environment where the 
head-to-disk spacing is likely to be reduced, for example, in 
an airplane. Jitter, caused by head-to-disk contact, is quan- 
tified using the PLL 68 included in the recording channel 50 
of the file 10 and measured error rates at block 74. 

FIG. 4 is a circumferential map of the jitter signal from the 
P LL for a low-flying head and a supersmooth disk At 
nominal operating velocities, for example, greater than 4 
m/sec. the transducer head/slider is approximately 10 nm off 
the disk, and no contacts are seen. However, when the 
velocity is reduced to 3 m/sec. the slider does interact with 
the disk at a position 235 degrees from the index, as can be 
seen from the jitter signal shown in FIG. 4. The occurrence 
of soft errors is provided together with the jitter data in FIG. 
4, showing that the errors occur exclusively in the high-jitter 
region. 

In FIG. 5 the velocity has been reduced further to 2.75 
m/sec. The magnitude of the jitter signal in the area is 
increased, indicating increasing contact force, and another 
high-jitter area adjacent to the original one has appeared. 
Again the errors are exclusively occurring in these two 
regions. The jitter regions correspond to areas of high drag 
and low absolute clearance. In the situation where the errors 
are attributable to velocity jitter, the on-track error rate can 
be improved by increasing the bandwidth or gain of the 
channel phase-locked loop. Referring to the data of FIG. 5, 
if the bandwidth of the PLL is increased by a factor of 10, 
no on track errors are detected; and increasing the PLL 



:5,506 

4 

bandwidth improves the soft error rate by at least three 
orders of magnitude, to less than exp(-8). The penalty for 
the increased bandwidth is greater noise admitted to the 
channel, particularly old information and off-track data. 

5 However, the overall error rate in this case is reduced 
because the overwhelming proportion of the errors are 
on-track, bit shift errors caused by the slider/disk contact. 

Referring to FIG. 6, there is shown a flow chart illustrat- 
ing the sequential steps for maintaining file readback per- 

10 formance compensating for readback errors caused by head/ 
disk interaction. The method of the invention detects when 
the head and disk interactions are occurring and corrects file 
performance in the face of the readback errors. Also, a 
warning is provided to the user to take appropriate action to 

* 5 protect data if a threshold performance level is not achieved. 
Control unit 14 is suitably programmed to perform the 
method of the invention as illustrated and described with 
respect to FIG. 6. Since the invention can be implemented in 
control microcode in the file 10, no additional hardware is 

20 required, and the data channel error rate tests are performed 
in situ without user intervention. 

In accordance with the invention, it has been determined 
that head/disk interaction can degrade file performance long 
before tribological damage occurs. The intermittent contact 

25 excites suspension vibrational modes and modulates the 
nominal slider/disk velocity. This velocity jitter diminishes 
the timing window margin for data detection, resulting in an 
increase in bit-shift errors. If the jitter is severe enough, the 
channel phase-locked loop (PLL) is unable to lock to the 

30 data stream, and the file no longer functions. Therefore, 
there are at least three failure modes associated with head/ 
disk interactions including excessive error rate, PLL failure, 
and tribological failure. 

35 As shown in FIG. 6, the method of the invention uses the 
relationship between the PLL loop parameters and the 
on-track error rate. Initially the data channel error rate is 
measured as indicated at a block 600. The error rate test is 
performed with a readback signal from selected tracks, for 

40 example near the inner tracks where the fly height may be 
the lowest, or can be performed in a low-pressure chamber. 
The measured data channel error rate is compared with a 
predetermined threshold value N, and an incremented loop 
iteration counter value K is set to zero as indicated at a 

45 decision block 602. If the error rate exceeds the threshold 
value N, for example exp(-8), then the microcode automati- 
cally sets the PLL gain to its minimum allowed value as 
indicated at a block 604. Then the PLL gain is incremented 
and the error rate remeasured as indicated at a block 606. 

5(J The measured data channel error rate is compared with a 
second predetermined threshold value M as indicated at a 
decision block 608 to detearnine whether the error rate has 
improved. When the measured data channel error rate is 
greater than or equal to the value M, K is incremented by one 

55 as indicated at a block 610 and compared with a predeter- 
mined maximum number P of loop iterations at a decision 
block 612. If K is less than or equal to P. then the PLL gain 
is increased and the error rate remeasured at block 606. 
These sequential steps are repeated the predetermined 

50 number P of times or until an error rate is identified at 
decision block 608 that is less than the predetermined 
threshold value M. 

When an improved error rate less than the predetermined 
threshold value M is identified at decision block 608, then 

65 the gain of PLL 68 is adjusted further until the optimum 
value corresponding to the lowest error rate is found as 
indicated at a block 614. Then the loop gain is compared 
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with a predefined value C as indicated at a decision block 
616. If the sequential steps have been repeated so that K 
exceeds the maximum number P at decision block 612, then 
the PLL gain is compared with the predefined value C at the 
decision block 616. If the loop gain is less than the pre- 
defined value C, then the loop gain is reported so that the 
user is alerted that the change was made and the loop gain 
is saved as indicated at a block 618 to complete the PLL gain 
adjustment sequence. If the loop gain exceeds the predefined 
value C the user is warned that failure may be iniminent as 
indicated at a block 620 to complete the PLL gain adjust- 
ment sequence. Then open data files can be saved and the 
drive 10 can be backed up and taken in for repair or replaced. 

The phase-locked loop gain and bandwidth values are 
available for microcode control using zoned recording in file 
10. As various zones on the disk 18 are accessed, parameters 
in the peak detection channel 50, including gain and band- 
width of PLL 68, must be updated by the microprocessor 14. 
Therefore the optimization of the PLL gain in accordance 
with the invention is implemented without user intervention. 
While the preferred embodiment of the invention is shown 
in FIG. 6. it should be understood that other similar methods 
using PLL parameters can be employed to detect the onset 
of tribological failure. For instance instead of comparing the 
loop gain to the value C as in block 616, the range of 
acceptable PLL gains or bandwidths where the error rate is 
less than M can also be used. Then the user could be notified 
when the range falls below a set value R. 

The invention is also suitable for a low-cost manufactur- 
ing test that is easily combined with existing tests available 
in the peak detection channel 50, thus requiring no addi- 
tional capital or tester space. As described above, the amount 
of timing window is measured, as before, by identifying the 
error rate as a function of the PLL parameters. By this 
technique, low-flying heads can be identified prior to prod- 
uct shipment. 

While the invention has been described with reference to 
details of the illustrated embodiment, these details are not 
intended to limit the scope of the invention as defined in the 
appended claims. 

What is claimed and desired to be secured by Letters 
Patent of the United States is: 

1. A method for maintaining file readback performance 
compensating for readback errors caused by head/disk inter- 
action used with a data detection channel in a direct access 
storage device comprising the steps of: 
sensing a readback signal from at least one disk surface; 
measuring a data channel soft error rate responsive to said 

readback signal; 
comparing said measured data channel soft error rate with 

a first r^deterrnined threshold value; and 
adjusting a gain of a phase lock loop (PLL) included in a 
data separator in the data detection channel responsive 
to an identified data channel soft error rate greater than 
said first predetermined threshold value, said PLL gain 
adjusting step including the steps of setting a first gain 
of said PLL, increasing said gain of said PLL and 
measuring said data channel soft error rate; and respon- 
sive to said increased gain and said measured data 
channel soft error rate, optimizing said gain of said 
PLL; wherein the steps of increasing said gain of said 
PLL and measuring said data channel soft error rate; 
and responsive to said increased gain and said mea- 
sured data channel soft error rate, optimizing said gain 
of said PLL include the step of: 
comparing said measured data channel soft error rate 
with a second predetermined threshold value, said 
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second predetermined threshold value being less 
than said first predetermined threshold value. 

2. A method as recited in claim 1 wherein said steps of 
increasing said gain of said PLL and measuring said data 

5 channel soft error rate; and comparing said measured data 
channel error rate with said second predetermined threshold 
value are sequentially repeated until either a measured data 
channel error rate less than said second predetermined 
threshold value is identified or said steps are sequentially 

xo repeated a predetermined maximum number of times. 

3. Amethod as recited in claim 2 further includes the step 
of: 

responsive to identifying said measured data channel error 
rate less man said second predetermined threshold 
15 value, adjusting said PLL gain until a lowest error rate 
is detected, 

4. Amethod as recited in claim 3 further includes the steps 
of: 

comparing said adjusted PLL gain for said detected lowest 
20 error rate with a predefined loop gain value; and 

providing a failure warning for the direct access storage 
device to a user responsive to an identified lowest error 
rate PLL gain greater than or equal to said predefined 
loop gain value. 
25 5. A method as recited in claim 2 further includes the step 
of: 

responsive to sequentially repeating said steps said pre- 
determined maximum number of times, 

comparing said PLL gain with a predefined loop gain 
30 value; and 

providing a failure warning for the direct access storage 
device to a user responsive to an identified PLL gain 
greater than or equal to said predefined loop gain value. 

6. A method as recited in claim 3 further includes the step 
35 of: 

comparing said lowest error rate PLL gain with a pre- 
defined loop gain value; and 
providing a report of changed loop gain to a user respon- 
40 sive to an identified lowest error rate PLL gain less than 
said predefined loop gain value. 

7. Apparatus for maintaining file readback performance 
compensating for readback errors caused by head/disk inter- 
action used with a data detection channel in a direct access 

45 storage device comprising: 

means for sensing a readback signal from at least one disk 
surface; 

means for measuring a data detection channel soft error 
rate responsive to said readback signal; 
50 file optimization means for comparing said measured data 
channel error rate with a first predetermined threshold 
value; 

means far adjusting a gain of a phase lock loop (PLL) 
included in a data separator in the data detection 

55 channel responsive to an identified data channel error 
rate greater than or equal to said first predetermined 
threshold value; said PLL gain adjusting means includ- 
ing means for setting a first gain of said PLL, means for 
increasing said gain of said PLL and far measuring said 

60 data channel soft error rate; means responsive to said 
PLL gain increasing means for comparing said mea- 
sured data channel soft error rate with a second prede- 
termined threshold value, said second predetermined 
threshold value being less than said first predetermined 

65 threshold value; and means, responsive to said gain 
increasing and said data channel soft error rate mea- 
suring means, for optimizing said gain of said PLL. 
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8. Apparatus as recited in claim 7 wherein said means for 
sensing a readback signal from at least one disk surface 
include means for sensing a readback signal at selected 
tracks of said disk surface, said selected tracks including 
inner tracks of said disk surface where the head fly height is 5 
lowest. 

9. Apparatus as recited in claim 7 further includes: 
means for comparing said optimized PLL gain with a 

predefined loop gain value; and 
means for providing a failure warning for the direct access 10 
storage device to a user responsive to an identified 
optimized PLL gain greater than or equal to said 
predefined loop gain value. 

10. A disk file of the type including a data detection 
channel comprising: 1 

an enclosure; 

at least one disk surface for storing data mounted for 
rotation about an axis within said enclosure; 

transducer means mounted for movement in a radial 20 
direction across said disk surfaces for reading and 
writing data to said disk surfaces; 

means for sensing a readback signal from a disk surface; 

a data channel including means for restoring the readback 
signal to the data; said data channel including a zero 25 
crossing and peak detector receiving said readback 
signal and coupled to a data separator, said data sepa- 
rator providing a synchronous data pattern output and 
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a read clock signal output to a decoder providing 
decoded data, said data separator including a phase 
lock loop (PLL); 

means coupled to said decoder for measuring a data 
channel soft error rate; 

means for comparing said measured soft error rate with a 
first predetermined threshold value; and 

means for adjusting a gain of said PLL responsive to an 
identified soft error rate greater than said first prede- 
termined threshold value by said means for comparing; 
said means for adjusting said gain of said PLL includ- 
ing means for setting a first gain of said PLL; means for 
increasing said gain of said PLL and for measuring said 
data channel soft error rate; means responsive to said 
PLL gain increasing means for comparing said mea- 
sured data channel soft error rate with a second prede- 
termined threshold value, said second predetermined 
threshold value being less than said first predetermined 
threshold value; and means responsive to said gain 
increasing and data channel soft error rate measuring 
means for optimizing said gain of said PLL. 

11. A disk file as recited in claim 10 further includes: 

means for providing a failure warning for the disk file to 
a user responsive to an identified optimized PLL gain 
greater than or equal to a predefined loop gain value. 

***** 
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